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Key Points: 
 Major intraplate earthquake ruptures in oceanic lithosphere seaward of subduction 
zones have commonly involved multiple distributed faults  
 The complex faulting has sometimes been accompanied by highly productive 
aftershock sequences with diversity in faulting mechanism  
 Laterally or temporally varying plate boundary stress conditions concentrate intraplate 
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Abstract 
Major earthquakes in oceanic lithosphere seaward of the subduction zone outer trench slope 
are relatively uncommon, but several recent occurrences have involved very complex 
sequences rupturing multiple non-aligned faults and/or having high aftershock productivity 
with diffuse distribution. This includes the 21 December 2010 MW 7.4 Ogasawara (Bonin), 11 
April 2012 MW 8.6 Indo-Australia, 23 January 2018 MW 7.9 Off-Kodiak Island, and 20 
December 2018 MW 7.3 Nikol’skoye (northwest Pacific) earthquakes. Major oceanic 
intraplate event sequences further from plate boundaries do not tend to be as complex in 
faulting or aftershocks. Outer trench slope extensional faulting can involve complex 
distributed sequences, particularly when activated by great megathrust ruptures such as 11 
March 2011 MW 9.1 Tohoku and 15 November 2006 MW 8.3 Kuril Islands. Intense faulting 
sequences also occur near subduction zone corners, with many fault geometries being 
activated, including some in nearby oceanic lithosphere, as for the 29 September 2009 MW 
8.1 Samoa, 6 February 2013 MW 8.0 Santa Cruz Islands, and 16 November 2000 MW 8.0 New 
Ireland earthquakes. The laterally varying plate boundary stresses from heterogeneous 
locking, recent earthquakes, or boundary geometry influence the specific faulting geometries 
activated in nearby major intraplate ruptures in oceanic lithosphere. Pre-existing lithospheric 
structures and fabrics exert secondary influences on the faulting. Intraplate stress release in 
oceanic lithosphere near subduction zones favors distributed macrofracturing of near-critical 
fault systems rather than localized, single-fault failures, both under transient loading induced 
by plate boundary ruptures and under slow loading by tectonic motions and slab pull.  
1. Introduction 
Most of Earth’s largest earthquakes are associated with convergent plate tectonic boundaries, 
predominantly involving interplate thrust faulting that directly accommodates plate 
convergence. However, large intraplate faulting within the oceanic lithosphere prior to 
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subduction also plays important roles, with deformation driven by a superposition of slab-pull 
bending stresses and cycling plate boundary frictional stresses. Many studies of oceanic 
intraplate earthquakes have focused on the outer trench slope environment that primarily 
involves shallow normal faulting with tension axes nearly orthogonal to the trench (e.g., 
Christensen & Ruff, 1988; Craig et al., 2014; Sladen & Trevisan, 2018). Following great 
interplate thrust events, very complex extensional faulting sequences can occur in the outer 
trench slope region and outer rise, especially if the interplate thrust faulting extends to near 
the trench (e.g., Wetzler et al., 2017; Sladen & Trevisan, 2018). The fracturing of subducting 
oceanic lithosphere abets water penetration into the plate, impacting arc magmatism and 
seismogenic behavior of subducted slabs (e.g., Ranero et al., 2003; Faccenda et al., 2009; 
Boneh et al., 2019).  
There are relatively few large oceanic intraplate earthquakes seaward of the outer rise (e.g., 
Lay, 2019), but recent examples of such events have involved remarkably complex 
distributed faulting. Each such sequence has unique local conditions, plate stresses, and 
tectonic fabrics in the plate, and it is often difficult to account for the specific complexity of 
the faulting. Here we consider the collective observations of major complex intraplate event 
sequences in oceanic lithosphere as it approaches subduction zones to work toward a better 
understanding of why relatively old, stiff oceanic lithosphere fractures in this manner. We 
consider all intraplate events seaward of the outer trench slope activity in major subduction 
zones with MW ≥ 7.0 from 1975 to 2019, along with several examples of near-plate boundary 
sequences for comparison. The USGS-NEIC catalog does not list any additional major 
intraplate oceanic events well seaward of the outer trench slope back to 1956, and only lists 
about 10 such events from 1900 to 1955. Lacking details about those events and their 
aftershocks, we do not consider them here. 
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Various major oceanic earthquake sequences from 1975 to 2019 considered here are 
indicated in Figure 1 by the Global Centroid Moment Tensor solution 
(https://www.globalcmt.org/CMTsearch.html) or independently determined mechanism (for 1975 
North Atlantic) for the largest event in each sequence. Table 1 lists event details from the 
USGS-National Earthquake Information Center (NEIC) 
(https://earthquake.usgs.gov/earthquakes/search/) and Table 2 summarizes key attributes of 
each of the oceanic faulting sequences considered, noting principal features of each 
environment. The compressional quadrants are colored by sequence type. Red mechanisms 
indicate large intraplate events just seaward of the subduction zone outer rise that involve 
particularly complex faulting, such as 1987 MW 7.9 and 1988 MW 7.8 Gulf of Alaska, 2010 
MW 7.3 Ogasawara, 2012 MW 7.2 Wharton Basin, 2012 MW 8.6 Indo-Australia, 2018 MW 7.9 
Off-Kodiak Islands, and 2018 MW 7.3 Nikol’skoye. Orange mechanisms indicate large 
intraplate events relatively far from subduction zones, such as 1975 MW 7.9 North Atlantic, 
1983 MW 7.3 Chagos, 1998 MW 8.1 Balleny Islands, 2001 MW 7.1 South of Australia, 1999 
MW 7.0, 2000 MW 7.9 and 2016 MW 7.8 Wharton Basin, 2004 MW 8.1 Macquarie, and 2015 
MW 7.1 Antarctica. These two categories are our primary focus, with the events shown 
representing all such events found in the NEIC catalog with MW ≥ 7.0 from 1975 (actually 
extending back through 1956) to 2019. We will focus on the events with MW ≥ 7.3, as 
resolution of faulting and aftershock distribution complexity is low for smaller events.  
Some additional oceanic sequences indicated in Figure 1 are considered to illustrate temporal 
and spatial stress variation influences on the intraplate faulting. Blue mechanisms indicate 
examples of great interplate thrust events that activate particularly extensive oceanic outer 
trench slope to outer rise aftershock sequences, such as 2006 MW 8.4 Kuril Islands and 2011 
MW 9.1 Tohoku. Purple mechanisms indicate examples of complex sequences involving a 
mix of interplate and intraplate faulting near corners in subduction zones where oceanic 
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lithosphere may be strongly contorted and intraplate stress is complex, such as 2000 MW 8.0 
New Ireland, 2009 MW 8.1 Samoa, and 2013 MW 8.0 Santa Cruz Islands. Yellow mechanisms 
are examples of strike-slip events on oceanic plate boundaries far from ridges, such as 2013 
MW 7.5 Craig and 2018 MW 7.3 Komadorsky (Bering Island).  
As shown below, earthquake sequences in relatively old oceanic lithosphere just seaward of 
the outer trench slope in subduction zones (red mechanisms in Figure 1) tend to be notably 
complex in terms of involving rupture of multiple fault planes with distinct orientations 
during the mainshocks and/or having very productive widely distributed aftershock activity 
off the main fault. Intraplate faulting further from plate boundaries tends to involve less 
faulting and aftershock diversity. Given their diversity and distinct locations, the trend of 
greater sequence complexity for intraplate events just seaward of the trench-slope is not 
straightforward to account for. In this study, we systematically compare the mainshock 
rupture behavior and aftershock productivity of major event sequences in oceanic settings to 
shed light on possible mechanisms controlling the faulting and seismicity complexity.  
2. Major Intraplate Sequences within Oceanic Lithosphere  
Given that the rupture sequences of most of the events shown in Figure 1 and listed in Table 
1 have been extensively studied by various investigators, we first provide quantification of 
the less-studied mainshocks; the 2010 Ogasawara and 2018 Nikol’skoye events. Short- and 
intermediate-period P wave recordings from networks of stations at different azimuths are 
used in back-projections (Xu et al., 2009) to determine space-time distributions of coherent 
bursts of short period energy that constrain the overall rupture expansion characteristics. 
Kinematic space-time slip distributions with variable subfault rake and flexibly parameterized 
subfault source time functions are determined by least-squares inversions (e.g., Ye et al., 
2016; Kikuchi & Kanamori, 1991; Hartzell & Heaton, 1983) of large data sets of broadband 
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P and SH waves. These solutions supplement preliminary solutions obtained by the USGS-
NEIC.   
2.1 The 2010 Ogasawara Sequence 
The 21 December 2010 MW 7.4 Ogasawara event (Table 1) has a remarkably productive 
aftershock sequence, as discussed by Obana et al. (2014). The sequence occurred on the 
northern end of a region where the Bonin Trench is significantly narrowed and shallowed 
over an ~100 km length by influx of the buoyant Ogasawara Plateau which has significant 
bathymetric relief (Figure 2). The Pacific and Philippine Sea plates are converging in this 
region at a rate of about 40 mm/yr. The 2010 sequence is generally situated relative to the arc 
at a distance where outer trench slope activity occurs along the deep trench to the north, but 
the 2010 activity extends more than 140 km obliquely seaward from the contact with the 
Philippine Sea plate. The overall trend of the activity is parallel to a fracture zone in the 
seafloor across which the plate age varies from ~135 Ma to 145 Ma (Obana et al., 2014), but 
it is not tightly aligned on the trace of the fracture zone. 
Overall, the rupture process of the 2010 Ogasawara mainshock appears to be rather simple, 
and the preferred slip model with strike 113° and dip 46° is compared with aftershock 
seismicity in Figure 2. Details about the long-period point-source inversions, back-
projections (Figure S1), and finite-source inversions for this event (Figures S2-S6) are given 
in Supporting Text S1. The primary region of concentrated slip is moderately depleted in 
aftershock activity, but based on the shallow depth extent of the mainshock and the diffuse 
distribution of aftershock locations and focal mechanisms, it appears that multiple faults must 
have activated during the sequence, with those to the northwest having strike rotated closer to 
trench-parallel, along the trend of the fracture zone. Obana et al. (2014) find that the 
aftershocks form three subparallel lineations along the fracture zone, and that they outline the 
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mainshock rupture area over an ~80 km long stretch during the first hour, and then migrate 
northwestward, southeastward and eastward from the mainshock region. Note that the dip of 
the mainshock cannot account for the widespread aftershock distribution by near-faulting 
events. The fault plane used in Figures 2 and S2, similar to that preferred by the USGS-
NEIC, does not correspond to the fracture zone trend, suggesting that the rupture may be 
more influenced by the lateral structure of the Ogasawara Plateau and slab pull stresses from 
the subducted Bonin slab toward the west.  
2.2 The 2018 Nikol’skoye Sequence 
The 20 December 2018 Nikol’skoye (Bering Island) MW 7.3 event (Table 1) has a highly 
productive aftershock sequence, with spatially distributed strike-slip and oblique normal 
faulting mechanisms (Figure 3). The sequence extends to about 100 km from the subduction 
zone along Kamchatka and lies just southwest of the Aleutian subduction zone, where almost 
no convergence occurs along this stretch of the arc. Instead, the Komandorsky sliver is 
translating parallel to the Aleutian trench at a high percentage (~65%) of the plate motion 
velocity between the Pacific and the Bering Plate (e.g., Kogan et al., 2017; Lay et al., 2017). 
The northwestern edge of the sliver collides with Kamchatka adjacent to the subduction zone 
along which the Pacific plate subducts beneath the peninsula. The seafloor near the 2017 
sequence has significant variation in topography, and lies along the Emperor Island chain just 
to the south, as it impinges on the Kamchatka subduction zone (Figure 1) with hot-spot 
volcanism dated to >81 Ma (e.g., Portnyagin et al., 2008).  
Combining information from various seismic observations, our preferred slip model for the 
2018 Nikol’skoye event has a fault plane with strike 230° and dip 66° (Figure 3). Details 
about the long-period point-source inversions, back-projections (Figure S7), and our finite-
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fault slip inversions (Figures S8-S12) for this event are given in Supporting Text S2. For the 
rupture model in Figure 3 the tension axis and fault plane are highly oblique to the 
Kamchatka subduction zone. The area of large slip in the model traverses the aftershock 
distribution, but there is no clear localization of aftershocks onto the fault plane, even 
allowing for the non-vertical dip of the mainshock plane. The alternate choice of fault plane 
(Figure S10), preferred by the USGS-NEIC, also shows large deviation from the aftershock 
pattern (Figure S12). The overall sequence involves oblique deformation of the old Pacific 
lithosphere seaward of the trench, with complex activation of multiple faults.  
2.3 Relative aftershock productivity  
Now we proceed to discuss the general faulting and seismicity patterns of the various 
earthquake sequences indicated in Figure 1. For each sequence with a mainshock MW ≥ 7.3, a 
map will be shown along with a time line, including all aftershocks within 60 days of the 
mainshock reported in the USGS-NEIC catalog, along with all GCMT focal mechanisms for 
events in the 60-day sequence. The search area for aftershocks was specified by a circle with 
radius R (in km) equal to twice the empirical rupture length from Wells & Coppersmith 
(1994), i.e., R = 2x10-2.44+0.59Mw, using MW from the GCMT catalog. We constrain aftershock 
depths to be within ±30 km of the mainshock depth. The specific search parameters are not 
critical for this study, but the count of aftershocks with magnitudes ≥ 4.5 (4.5 is an optimistic 
estimate of completeness level for the USGS-NEIC catalog adopted from Dascher-Cousineau 
et al. (2020)), in the 60-day window allows us to compare productivity of each sequence in a 
consistent manner. Using the same space-time windowing for all 570 global shallow 
mainshocks with MW ≥ 7.0 from 1976 to 2019 results in a reference aftershock productivity 
curve given by Na = 100.99Mw-5.83, where Na is the number of aftershocks with magnitude ≥ 
4.5 (Ye et al., 2020). This is compatible with productivity relations determined for a wider 
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range of mainshock sizes by Dascher-Cousineau et al. (2020). The predicted reference 
aftershock productivity [Na(pred)], representing the median value for all shallow events of 
corresponding magnitude, is listed in Table 1 for comparison with the observed number, 
Na(obs)[4.5], and the ratio Na(obs)/Na(pred) is shown in each time line figure. We also use a 
fixed 3-magnitude unit interval below the mainshock MW for counting events in the 60-day 
window, for which a magnitude-dependent scaling correction is not needed.  These are the 
second value Na(obs)[M-3] listed in Table 1. By either measure of productivity, the 2010 
Ogasawara and 2017 Nikol’skoye events stand out. By evaluating productivity above the 
estimated global completeness level, our measures are not sensitive to distance offshore or 
location of the events. We show all aftershocks recorded by USGS-NEIC for each event, but 
focus on those with MW ≥ 4.5, as used for the global productivity calculation. 
2.4 Complex sequences seaward of subduction zones 
The intraplate earthquake sequences in oceanic lithosphere seaward of the outer trench slope 
highlighted by red focal mechanisms in Figure 1 are displayed in Figures 4 and 5. There is 
substantial diversity in complexity, which we define as having coseismic rupture on multiple 
non-aligned faults in the mainshock and/or aftershock sequence, among these major 
earthquake sequences in relatively old oceanic lithosphere. The event characterizations are all 
based on remote seismological information, so event size is more of an issue in our 
characterization of complexity than is location; hence, we focus on the events with MW ≥ 7.3.  
The 2010 Ogasawara sequence (Obana et al., 2014) involves a remarkably productive 
sequence for an MW 7.4 event (Figures 2 and 4a), with 471 aftershocks with magnitude ≥ 4.5 
in our space-time window, compared to a typical value of 31 (Table 1). Almost all of the 
known mechanisms involve normal faulting, although a few are highly oblique, with varying 
strike directions distributed over a broad swath of seismicity about 100 km long by 50 km 
 
 
©2020 American Geophysical Union. All rights reserved. 
wide. The sequence trends oblique to the outer rise seaward of the Bonin subduction zone, 
which has no record of great interplate thrust faulting.  
The 2012 Indo-Australian sequence (Figure 4b) involves the largest recorded oceanic strike-
slip event with MW 8.6, and has been extensively studied (e.g., Delescluse et al., 2012; 
Duputel et al., 2012; Meng et al., 2012; Satriano et al., 2012; Wang et al., 2012; Wiseman & 
Bürgmann, 2012; Yue et al., 2012; Zhang et al., 2012; Ishii et al., 2013; Wei et al., 2013; Hill 
et al., 2015; Yadav et al., 2017). With at least 4 major quasi-orthogonal strike-slip faults 
rupturing during the mainshock, and an MW 8.2 aftershock on a distinct fault, none of which 
unambiguously lie along fracture zones in the Wharton Basin, and with faulting extending 
over a region ~500 km wide, this is perhaps the most complex great earthquake sequence yet 
recorded. Imaging of the sediment-shrouded seafloor in the region indicates the existence of 
systems of conjugate faults (Singh et al., 2017) in the broad deformation zone extending from 
the Ninetyeast Ridge to the western Wharton Basin (e.g., Wiens et al., 1985). The MW 7.2 
event in 2012 is moderately productive (Table 1), has a 25 s long rupture duration, and 
appears to have ruptured the east-west fault, with no clear multiple faulting (Aderhold & 
Abercrombie, 2016). We do not display that sequence, as it is too compact to characterize 
well teleseismically. 
The 2018 Off-Kodiak Island, Alaska earthquake (Figure 4c) also appears to have ruptured at 
least 4 quasi-orthogonal strike-slip faults in the ~30 Ma old Pacific seafloor, seaward of the 
1964 Alaska interplate rupture, and has been widely studied as well (e.g., Krabbenhoeft et al., 
2018; Lay et al., 2018; Hossen et al., 2020; Ruppert et al., 2018; Wen et al., 2019; Zhao et al., 
2019; Wang et al., 2020). The 2012 Indo-Australia and 2018 Off-Kodiak Island events have 
substantial, but not unusual aftershock productivity despite the multiple fault ruptures of the 
mainshocks (Table 1).  
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The 2018 Nikol’skoye sequence (Figures 3 and 4d) ruptured in the northwesternmost Pacific 
plate offshore of the Kamchatka subduction zone, with a very productive earthquake 
sequence (Table 1) comprised of a widespread mix of normal, thrust and strike-slip faulting. 
The other complex oceanic intraplate earthquake sequence indicated in red in Figure 1 
involves the 1987-1988 Gulf of Alaska earthquakes (MW 7.1, 7.9, 7.8) (Figure 5, Table 1), 
which are discussed in Lay (2019). While exhibiting less dramatic individual complexity than 
the sequences in Figure 4, the overall faulting is quite complex, with strike-slip ruptures 
southwest of the Yakutat Terrane, which is converging with Alaska.  The sequence (Figure 
5a) began with an MW 7.1 (MS 6.9 in the USGS-NEIC catalog) rupture of an east-west 
trending fault on 17 November 1987, and then ruptured along a north-south trend on 30 
November 1987 (MW 7.9) (Figure 5b) and 6 March 1988 (MW 7.8) (Figure 5c) (Lahr et al., 
1988; Pegler & Das, 1996; Quintanar et al., 1995; Hwang & Kanamori, 1992). The 
orthogonal faulting sequence resembles a scaled-up version of the 2019 Ridgecrest event. 
Only a handful of additional comparable size intraplate earthquakes have been recorded in 
oceanic lithosphere away from mid-ocean ridges, and these are located further from 
subduction zones than those in Figure 4. The 1998 Balleny MW 8.1 earthquake (Figures 1 and 
6a) ruptured transverse to well-defined fracture zones in the Antarctic plate seafloor with age 
of 33-40 Ma along a ~300 km long trend, with multiple aligned fault segments and significant 
aftershock activity south of the main strike-slip trend (e.g., Kuge et al., 1999; Nettles et al., 
1999; Antolik et al., 2000; Henry et al., 2000; Tsuboi et al., 2000; Hjörleifsdóttir et al., 2009).  
Three additional major strike-slip earthquakes have ruptured in the Wharton Basin of the 
Indo-Australian plate at greater distance from the subduction zone than the 2012 sequence 
(Figure 1).  These are the 15 November 1999 (MW 7.0), 18 June 2000 (MW 7.9) (Figure 6b) 
and 2 March 2016 (MW 7.8) (Figure 6c) earthquakes. These are much less dramatic sequences 
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than those in Figure 4, with relatively compact zones and minor aftershock sequences (Figure 
6) that have also been discussed in Lay (2019). The 2000 Wharton Basin mainshock does 
have some source faulting complexity, indicated by a GCMT solution with a large non-
double couple component (Figures 1 and 6b). The rupture struck west of the Investigator 
Fracture Zone (Robinson et al., 2001; Abercrombie et al., 2003) and involved two subevents 
with different mechanisms, with neither clearly located on a fracture zone (Lay, 2019). 
However, the rupture is much less complex than the comparable size 2018 Off-Kodiak (MW 
7.9) sequence. The 2016 Wharton Basin event has a simple bilateral strike-slip rupture (Lay 
et al., 2016; Gusman et al., 2017) offset from an adjacent north-south trending fracture zone.  
The only other major intraplate strike slip events with MW ≥ 7.3 on record are the 23 
December 2004 Macquarie (MW 8.1) (Figure 7a) (e.g., Hayes et al., 2009; Robinson, 2011, 
Kennett et al., 2014), 30 November 1983 Chagos (MW 7.3) (Figure 7b) (e.g., Wiens & Stein, 
1984), and 26 May 1975 Azores (MS 7.9) (Figure 7c) (e.g., Lynnes & Ruff, 1985) 
earthquakes, all of which have relatively simple aftershock sequences (the 1983 Chagos 
aftershocks are quite productive as apparent in Figure 7b and Table 1) and occurred close to 
ridge or strike-slip transform plate boundaries (Lay, 2019). The 2004 Macquarie rupture has 
some directivity and possibly some along-strike segmentation. The smaller intraplate events 
in the Antarctic Plate (2015, MW 7.1), Indian Plate (1999, MW 7.0) and South of Australia 
(2001, MW 7.1) all have minor aftershock sequences (Table 1) and no clear indication of 
multiple-faulting complexity, but their small size makes it hard to evaluate these events. 
2.5 Great interplate thrust events producing outer trench slope sequences  
Great megathrust earthquakes are commonly followed by oceanic intraplate earthquake 
sequences beneath the outer trench slope, sometimes extending to the outer rise. The most 
notable recent examples are the 2006 MW 8.3 Kuril and 2011 MW 9.1 Tohoku earthquakes 
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(Table 1), which activated extensive faulting in the outer trench slope region initiating within 
minutes of the thrust event (Figure 8). The GCMT mechanisms indicate that in both cases this 
involved predominantly normal faulting with tension axes directed toward the trench. While 
there are many more examples of outer trench slope tensional faulting after large interplate 
events (e.g., Christensen & Ruff, 1988; Lay et al., 1989; Craig et al., 2014; Sladen & 
Trevison, 2018), the extent of Pacific plate fracturing during these two events is quite 
remarkable. The 15 November 2006 Kuril mainshock (MW 8.3) was followed by the 13 
January 2007 MW 8.1 outer trench slope normal faulting event (Figure 8a) (e.g., Ammon et 
al., 2008; Tanioka et al., 2008; Lay et al., 2009; Raeesi & Atakan, 2009). It appears that 
multiple outer trench slope normal faults failed during the sequence. The 11 March 2011 
Tohoku (MW 9.1) rupture activated trench slope normal faulting as large as MW 7.7 within 45 
minutes of the mainshock (e.g., see many references in the review by Lay, 2018), but even 
more impressive is the swath of intraplate activity up to 150 km wide seaward of the Japan 
trench that ruptured within 60 days along a 400 km length of the subduction zone (Figure 8b). 
In these cases, along with many other examples discussed by Sladen & Trevison (2018), the 
near-trench oceanic lithosphere can experience wide-spread fracturing during the transient 
stresses following interplate failure, which are superimposed on the plate bending stresses 
from slab pull. There are multiple pairs of major interplate thrust and major outer trench slope 
normal fault events with quite productive aftershock sequences separated by weeks to months 
in the Loyalty Islands, Vanuatu, and Solomon Islands, indicating strong temporal interactions 
for smaller mainshocks in the magnitude range 7.0 to 7.7. 
2.6 Complex sequences near subduction zone corners 
Complex fracturing of oceanic lithosphere also occurs in sequences involving both interplate 
and intraplate ruptures near corners of subduction zones (Figure 9).  These examples, all of 
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which have high aftershock productivity (Table 1), are distinct from the 2018 Nikol’skoye 
sequence near a plate boundary corner, in that they directly involve substantial interplate 
thrusting.  The 2000 New Ireland event commenced with a MW 8.0 strike-slip event along the 
boundary between the Bismark and Pacific plates (Figure 9a), which activated two large MW 
7.5 thrust aftershocks in the New Britain trench, where the Solomon Sea plate subducts 
toward the northwest, along with numerous intraplate events with diverse faulting 
mechanisms in the adjacent plates  (e.g., Geist & Parsons, 2005; Park & Mori, 2007). The 
Solomon Sea plate distorts around a 90° bend and also underthrusts the Pacific plate along 
the Solomon trench.  
The 2009 Samoa MW 8.1 event (Figure 9b) began with an outer rise normal fault rupture that 
triggered magnitude 8 thrust faulting on the Tonga megathrust to the south (e.g., Beavan et 
al., 2009; Lay et al., 2009; Fan et al., 2016). While the fracturing of the outer rise appears to 
have been localized near the corner in the Tonga subduction zone where the Pacific plate is 
tearing (Figure 8b), the overall sequence extended into the upper plate over hundreds of 
kilometers.  
The 2013 Santa Cruz Islands earthquake sequence (Figure 9c) involved an MW 8.0 thrust 
event at the northern end of the Vanuatu subduction zone, preceded and followed by 
extensive intraplate rupturing in the upper Pacific plate and the underthrusting Australian 
plate (e.g., Lay et al., 2013; Hayes et al., 2014; Heidarzadeh et al., 2016). The 90° corner of 
the plate boundary connects thrust faulting along the Vanuatu arc to strike-slip faulting 
extending to the west. The diversity and aftershock productivity of this sequence, with many 
intraplate events in the Pacific plate, is substantial. 
3. Oceanic plate boundary strike-slip sequences away from ridges 
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Oceanic transform faulting has been extensively studied, with relatively simple ruptures that 
may have some along-strike segmentation and relatively low aftershock productivity (e.g., 
Abercrombie & Ekström, 2003; Boettcheer & Jordan, 2004). We consider additional major 
sequences along oceanic strike-slip boundaries well-removed from spreading ridges, as 
demonstrated for the 2013 Craig, Alaska (MW 7.5) (e.g., Yue et al., 2015) and 2017 
Komandorksy Islands (MW 7.7) (e.g., Lay et al., 2017) ruptures (Figure 10). The latter 
sequences, which rupture on very straight plate boundary segments, have relatively low 
aftershock productivity (Table1) and minor diversity in faulting mechanisms. 
4. Summary of observed complexity 
The diversity of oceanic intraplate earthquake sequences is hard to address with quantitative 
modeling, but the observations discussed in this paper suggest a degree of common behavior 
in distinct tectonic configurations. Our operational definition of complexity is with respect to 
activation of multiple fault segments with diverse orientations during the mainshock rupture 
and/or aftershock sequence. All large earthquakes tend to have some slip heterogeneity, and 
many include along-strike rupture of similarly oriented segments, but those attributes are not 
emphasized in our definition. Given that most events of interest here are remote and our 
primary information is from teleseismic signals, we focus our attention on the larger 
intraplate events (MW ≥ 7.3, and mostly ≥ 7.7) away from plate boundaries (> ~30-100 km); 
smaller events are hard to evaluate for our complexity characteristics. Given the low 
occurrence rate of major intraplate sequences in oceanic lithosphere, generalizations must be 
tentative, and we do not strive for quantitative models at this time. Figure 11 schematically 
summarizes the pertinent observations at present. While it is possible that all of the complex 
sequences arise from very localized, regionally specific conditions, the consistency of the 
behavior at least raises the possibility of some common controlling factors. 
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We relate the complex sequences in relatively old oceanic lithosphere seaward of the outer 
trench slope (Figures 4 and 5) with lateral and/or temporal stress gradients along the 
subduction/convergence zone. The occurrence of major strike-slip faulting as for the 1987-
1988 Gulf of Alaska, 2012 Indo-Australia, and 2018 Off-Kodiak events is associated with 
strong lateral large-scale variations in temporal and spatial interplate coupling. The great 
interplate 1964 Alaska and 2004 Sumatra earthquakes preceded these events, with broad 
regions of time-varying elastic and viscoelastic loading of the seaward plate by bending and 
postseismic deformation producing horizontal tension axes in the direction of subduction. But 
these regions also have large-scale collisional processes occurring along the strike of the 
subduction zone, with the Indian continental collision west of the 2012 sequence and the 
Yakutat terrane collision east of the 1987-1988 and 2018 sequences. These collisions induce 
horizontal principal stress directions in the oceanic lithosphere that combine with slab pull 
stresses to give rise to strike-slip faulting patterns over broad intraplate regions from the 
subduction zone to well offshore. For the Indo-Australia plate, the development of the broad 
intraplate deformation zone extending from the Ninetyeast ridge to the Wharton basin, 
extending into the outer trench slope region along Sumatra and Nicobar, reflects the 
thousands-of-kilometers scale of the variation from continental collision to island arc 
subduction along the margin of the Indo-Australian plate (e.g., Coblentz et al., 1998; Stevens 
et al., 2020). Combined with the thermal thickening of relatively old oceanic lithosphere, 
which deepens the seismogenic layer (e.g., Aderhold & Abercrombie, 2016; Lay, 2019), the 
regional stress regimes load the oceanic lithosphere extensively, with broad areas 
accumulating stress and then failing with large multi-fault ruptures of diverse faulting 
orientations and large scale “macrofracturing” of a distributed network of faults failing in 
extensive aftershocks. We adapt this terminology from rock physics experiments, in which 
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spatially distributed microfracturing with variable mechanism occurs in intact rock prior to 
localization in through-going faults (e.g., Mogi, 1962; Scholz, 1968).   
Some fossil fracture zones tend to control failure of major intraplate ruptures close to 
transform boundaries (e.g., Robinson, 2011; Bohnenstiehl et al., 2004), but this is not clearly 
a dominant factor in older oceanic lithosphere, as the 1987-1988, 2012 and 2018 sequences 
all have primary ruptures at large angles to fracture zone structures and the overall seismicity 
is not clearly aligned on fossil structures. Ridge-parallel dipping normal-faulting fabric could 
serve to localize faulting at high angles to fossil transforms, but the steeply dipping planes of 
the observed sequences do not clearly track such fabric either. Thus, much of the large 
seismicity in oceanic lithosphere just seaward of the outer trench slope appears to involve 
formation and/or growth of immature faults. 
The 2010 Ogasawara and 2018 Nikol’skoye events are not temporally linked to nearby giant 
megathrust failures, but in both cases there is strong lateral gradient in bathymetric structure 
in very old oceanic lithosphere impinging on the trench; the Ogasawara Plateau and track of 
the Hawaiian-Emperor hotspot (Figure 1) are adjacent to these ruptures, respectively. The 
Bonin subduction zone has no history of great interplate ruptures and may be very weakly 
coupled. The oblique trend of the 2010 sequence relative to the Plateau and the subduction 
zone is close to the trajectory of an old fracture zone, but deformation is not concentrated on 
that fossil structure and the plate experiences distributed macrofracturing. The Kamchatka 
margin near the Nikol’skoye event does have a history of major thrust events including those 
in 1923 (MW 8.4) and 1997 (MW 7.8), and the Komandorsky sliver, which is largely captured 
by the Pacific plate, is colliding with the Kamchatka continental lithosphere just to the north 
near the 1917 (MW 7.9) and 1971 (MW 7.6) events, so strong lateral gradients in plate 
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boundary stress may account for the oblique geometry of the faulting in the northwesternmost 
Pacific plate. 
While major event sequences do occur within oceanic plates further from plate boundaries, 
the available examples (Figures 6 and 7) tend to be more localized and less complex in terms 
of non-aligned mainshock faults and extensive aftershock sequences being activated. This 
suggests that proximity to the plate boundary spatio-temporal stress gradient conditions plays 
a role in bringing broadly distributed regions close to failure so that complex macrofracturing 
sequences accompany major earthquakes. This notion is supported by the activation of 
distributed outer trench slope and outer rise sequences following great interplate ruptures 
(Figure 11b), as displayed in the sequences following the 2006 MW 8.3 Kuril and 2011 MW 
9.1 Tohoku earthquakes (Figure 8), where the predominantly two-dimensional time-varying 
plate boundary stress conditions favor extensional faulting. Flexure of the lithosphere as the 
incoming plate bends produces distributed loading of many weaknesses in the plate that can 
macrofracture in response to the abrupt lowering of compressional stress when the boundary 
fails. This outer trench slope environment can sometimes experience great localized 
decoupling extensional faulting, as in the case of the 1933 MW 8.6 Sanriku and 1977 MW 8.3 
Sumba normal-faulting events, but such localized events appear to be rare and occur in 
regions of weak seismic coupling that lack boundary stress cycles. 
The influence of laterally varying plate boundary stress conditions is further supported by the 
complex interplate/intraplate sequences near sharp subduction zone corners (Figure 11c).  
The intrinsically three-dimensional stress gradient expected for such contorted plate 
boundaries manifests in the high productivity, complex multi-faulting sequences that occur 
close to the boundaries in these environments, as in the cases of the 2000 MW 8.0 New 
Ireland, 2009 MW 8.1 Samoa, and 2013 MW 8.0 Santa Cruz Islands sequences (Figure 9). 
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All of the scenarios in Figure 11 have in common large-scale time- and spatially-varying 
stress gradients spanning regions from hundreds to thousands of kilometers in length. The 
laterally varying boundary conditions may take the form of locking variations (11a and 11b) 
or sharp turns (11c). These large-scale plate boundary stress variations appear to allow 
fracturing over a large region, rather than localized on a single plane, with gradients of 
internal plate structure such as spreading fabrics, fracture zones, aseismic oceanic ridges, and 
oceanic plateaus concentrating the intraplate response into distributed deformation zones. 
Having broad regions loaded by the spatially varying stress in the plate abets critical stressing 
of many conjugate and non-optimally oriented faults, so that complex faulting occurs. It is 
likely that dynamic triggering is enhanced in this environment, augmenting multi-fault 
rupture and widespread aftershock activity. Distributed faulting under even two-dimensional 
transient stress loading is demonstrated by the megathrust-faulting triggered sequences, and 
the broad reach of plate boundary geometry is demonstrated by the complex sequences 
around corners in subduction zones. In contrast, long straight oceanic plate boundaries fail in 
relatively simple sequences. The observations suggest an important future approach to 
understanding earthquake complexity is to model or measure the requisite stress gradients 
giving rise to the qualitatively distinct behavior. However, quantifying each sequence will 
require regionally specific interactions of time-varying plate boundary stresses, bathymetric 
stresses, and dynamic and static stress interactions when regions rupture. 
5. Conclusions 
Oceanic lithosphere of relatively large age that has strong laterally-varying stress conditions 
on the plate boundary tends to experience infrequent very complex faulting or 
macrofracturing sequences over distributed regions seaward of the trench. Transient stress 
conditions from interplate earthquake cycles can modulate slab pull stresses to induce 
distributed extensional failures in the outer trench slope and outer rise, but slab pull stresses 
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can also combine with compressional stresses from continental, oceanic plateau, or hotspot 
ridge collisions to favor strike-slip or oblique-faulting sequences within the oceanic 
lithosphere along-strike from the collision zone. The most complex sequences occur just 
seaward of the outer trench slope, and many faults activate either co-seismically in compound 
ruptures or are triggered efficiently by mainshock signals, producing widely distributed 
sequences. Major earthquakes further from the plate boundary tend to be rare, and rupture in 
less complex sequences.  
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Table 1. Mainshocks of diverse sequences involving fracture of oceanic lithosphere (USGS-
NEIC parameter), with observed Na(obs)[4.5, M-3.0] and predicted Na(pred[4.5]) aftershock 
productivity. 
 
Major Intraplate Oceanic Earthquakes Just Seaward of Subduction Zone Outer Rise 
        Sequence Mainshock                 UTC                Lat./Lon.                 MW     Na(obs)   Na(pred) 
17 Nov. 1987 Gulf of Alaska(1) 08:46:53 58.6°N,143.3°W 7.1 7#, 9* 16 
30 Nov. 1987 Gulf of Alaska(2) 19:23:19 58.7°N, 142.8°W 7.9 21, 10 98 
6 Mar. 1988 Gulf of Alaska(3) 22:35:38 57.0°N, 143.0°W 7.8 12, 8 78 
21 Dec. 2010 Ogasawara/Bonin 17:19:40 26.9°N, 143.7°E 7.4 471, 592* 31 
10 Jan. 2012 Wharton Basin 18:36:59 2.4°N, 93.2°E 7.2 21, 23* 20 
11 Apr. 2012 Indo-Australia 08:38:36 2.4°N, 93.1°E 8.6 314, 14 483 
23 Jan. 2018 Off-Kodiak Island 09:31:40 56.0°N, 149.2°W 7.9 45, 14 98 
20 Dec. 2018 Nikol’skoye 17:01:55 55.1°N, 164.7°E 7.3 62, 98* 25 
Oceanic Intraplate Sequences Away from Spreading Ridges and Trenches 
26 May 1975 N. Atlantic 09:11:51 36.0°N, 17.6°W 7.9 10, 2 98 
30 Nov. 1983 Chagos 17:46:00 6.9°S, 72.1°E 7.3 75, 79* 25 
25 Mar. 1998 Balleny Islands 03:12:25 62.9°S, 149.5°E 8.1 24, 7 154 
15 Nov. 1999 Indian Plate 05:42:43 1.3°S, 89°E 7.0 6, 7* 13 
18 June 2000 Wharton Basin 14:44:13 13.8°S, 97.5°E 7.9 11, 6 98 
12 Dec. 2001 S. of Australia 14:02:35 42.8°S, 124.7°E 7.1 7, 12* 16 
23 Dec. 2004 Macquarie 14:59:04 49.3°S, 161.3°E 8.1 26, 4 154 
4 Dec. 2015 Antarctica 22:25:00 47.6°S, 85.1°E 7.1 3, 3* 16 
2 Mar. 2016 Wharton Basin 12:49:48 5.0°S, 94.3°E 7.8 14, 5 78 
Example Great Interplate Thrust Events Producing Oceanic Outer Trench Slope 
Sequences 
15 Nov. 2006 Kuril 11:14:13 46.6°N, 153.3°E 8.3 652, 57 244 
11 Mar. 2011 Tohoku, Japan 05:46:24 38.3°N, 142.4°E 9.1 2298, 49 1510 
Example Great Oceanic Sequences Near Subduction Zone Corners 
16 Nov. 2000 New Ireland 04:54:56 4.0°S, 152.2°E 8.0 462, 182 123 
29 Sept. 2009 Samoa 17:48:10 15.5°S, 172.1°W 8.1 285, 79 154 
6 Feb. 2013 Santa Cruz Island 01:12:25 10.8°S, 165.1°E 8.0 536, 189  123 
Example Oceanic Interplate Strike-Slip Sequences Away from Spreading Ridges  
5 Jan. 2013 Craig, Alaska 08:58:14 55.2°N, 134.9°W 7.5 10, 10 39 
17 Jul. 2017 Komandorsky Is. 23:34:13 54.4°N, 168.9°E 7.7 47, 25 62 
 #Time window truncated by MW 7.9 on 30 November 1987. MS = 6.9 given by NEIC, MW 7.1 from GCMT. 
*Lower bound estimate as MW-3 is less than 4.5 completeness level.  
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or fracture zone 
1975 North Atlantic     X 
1983 Chagos     X 
1987 Gulf of Alaska X   1964 Alaska?  
1988 Gulf of Alaska X   1964 Alaska?  
1998 Balleny Is.     X 
1999 Indian Plate     X 
2000 Wharton Basin     X 
2000 New Ireland  X    
2001 South of Australia     X 
2004 Macquarie     Near Transform 
2006 Kuril    X  
2009 Samoa  X    
2010 Ogasawara X  X   
2011 Tohoku    X  
2012 Wharton Basin X   2004 Sumatra?  
2012 Indo-Australia X   2004 Sumatra?  
2013 Craig     Transform Fault 
2013 Santa Cruz Is.  X    
2015 Antarctica     Off Ridge 
2016 Wharton Basin     X 
2017 Komandorsky     Sliver Fault 
2018 Off-Kodiak X   1964 Alaska?  
2018 Nikol’skoye X X X   
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Figure 1. Major and great earthquake Global Centroid Moment Tensor (GCMT) solutions for 
all intraplate ruptures in oceanic lithosphere seaward of the subduction zone outer trench 
slope with multi-fault ruptures and/or extensive aftershock sequences from 1975 to 2019 with 
MW ≥ 7.0 (red focal mechanisms), all intraplate oceanic ruptures far from trenches from 1975 
to 2019 with MW ≥ 7.0  (orange focal mechanisms), two example great interplate ruptures that 
activate extensive outer trench slope and outer rise sequences (blue focal mechanisms), two 
example strike-slip events on plate boundaries far from ridges (yellow focal mechanisms), 
and three example events near corners in subduction zones with multi-fault sequences that 
include intraplate and interplate ruptures (purple focal mechanisms).  
Figure 2. Map showing the 2010 Ogasawara MW 7.4 mainshock finite-slip model from 
Figure S2 (the star indicates the mainshock epicenter) along with aftershocks in the first 60 
days after the event from the USGS-NEIC catalog (circles colored by source depth and with 
radius proportional to magnitude), and GCMT focal mechanisms plotted at the centroid 
locations, colored by centroid depth and scaled by MW. Focal mechanisms colored in gray and 
magenta are for the time periods of 1976 to 2010 before the mainshock and 2011 to 2019 
after the mainshock, respectively. The background bathymetry indicates the position of the 
Bonin trench trending north-south near longitude 143.2°, approximated by the white saw-
toothed curve. 
Figure 3. Map showing the 2018 Nikol’skloye MW 7.4 mainshock finite-slip model from 
Figure S8 along with aftershocks in the first 60 days after the event from the USGS-NEIC 
catalog (circles with radius proportional to magnitude), and GCMT focal mechanisms plotted 
at the centroid locations, colored by centroid depth and scaled by MW. Focal mechanisms 
colored in gray and magenta are for the time periods of 1976 to 2018 before the mainshock 
and 2018 to 2019 after the mainshock, respectively. The Aleutian Trench has no convergence 
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in this region, with the Komandorsky Sliver moving parallel to the Pacific plate motion with 
right-lateral shearing on the Bering Fracture Zone. 
Figure 4. Complex earthquake sequences in oceanic lithosphere seaward of trenches showing 
60-day intervals of all seismicity from the USGS-NEIC catalog and all GCMT moment 
tensor solutions (both colored by source depth and scaled proportional to magnitude) within a 
two source-dimension radius (dashed black lines are one source-dimension radii, solid black 
lines are two source-dimensions) from each mainshock for: (a) 2010 Ogasawara (Bonin), (b) 
2012 Indo-Australia, (c) 2018 Off-Kodiak Island, and (d) 2018 Nikol’skoye. The number of 
aftershocks, Na(obs), with M ≥ 4.5 within the indicated source depth (H) range over the 60-
day window is indicated for each event, along with the ratio Na(obs)/Na(pred) from Table 1. 
The GCMT centroid depth of the mainshock is shown next to the event focal mechanism. 
Figure 5. (a) Complex earthquake sequence involving a triplet of major events with MW = 
7.1, 7.9 and 7.8 initiating 17 November, 1987 in ~30 Ma oceanic lithosphere in the Gulf of 
Alaska in map view (left) and as time series (right) showing a 200-day interval of all 
seismicity from the USGS-NEIC catalog and all GCMT moment tensor solutions (both 
colored for each major event and scaled proportional to magnitude). Sub-sequences (colored 
by source depth and scaled proportional to magnitude) within a two source-dimension radius 
(dashed black circles are one source-dimension radii, solid black circles are two source-
dimensions) for the largest mainshocks: (b) 1987, and (c) 1988. The number of aftershocks, 
Na(obs), with M ≥ 4.5  within the indicated source depth (H) range over the 60-day window 
is indicated for each event, along with the ratio of Na(obs)/Na(pred) using the reference 
model discussed in the text. The GCMT centroid depth of the mainshock is shown next to the 
event focal mechanism. 
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Figure 6. Modest complexity earthquake sequences with mainshock MW ≥ 7.8 in oceanic 
lithosphere well removed from subduction zones in map view and as time series showing 60-
day intervals of all seismicity from the USGS-NEIC catalog and all GCMT moment tensor 
solutions (both colored by source depth and scaled proportional to magnitude) within a two 
source-dimension radius (dashed white lines are one source-dimension radii, solid white lines 
are two source-dimensions) from each sequence mainshock for: (a) 1998 Balleny; (b) 2000 
Wharton Basin, and (c) 2016 Wharton Basin (Table 1). The latter two events struck within 
the Indo-Australian plate further away from the subduction zone and outside the intraplate 
deformation zone where the 2012 sequence occurred. The number of aftershocks, Na(obs), 
with M ≥ 4.5 within the indicated source depth (H) range over the 60-day window is 
indicated for each event, along with the ratio of Na(obs)/Na(pred) using the reference model 
discussed in the text. The GCMT centroid depth of the mainshock is shown next to the event 
focal mechanism. 
Figure 7. Additional modest complexity earthquake sequences with mainshock MW ≥ 7.3 in 
oceanic lithosphere well removed from subduction zones in map view and as time series 
showing 60-day intervals of all seismicity from the USGS-NEIC catalog and all GCMT 
moment tensor solutions (both colored by source depth and scaled proportional to magnitude) 
within a two source-dimension radius (dashed white lines are one source-dimension radii, 
solid white lines are two source-dimensions) from each sequence mainshock for: (a) 2004 
Macquarie; (b) 1983 Chagos, and (c) 1975 North Atlantic (Table 1). The focal mechanism for 
the 1975 event is from Lynnes & Ruff (1985). The number of aftershocks, Na(obs), with M ≥ 
4.5 within the indicated source depth (H) range over the 60-day window is indicated for each 
event, along with the ratio of Na(obs)/Na(pred) using the reference model discussed in the 
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Figure 8. Complex earthquake sequences in old ocean lithosphere following large plate 
boundary thrust events in map view and as time series showing 70-day or 60-day intervals of 
all seismicity from the USGS-NEIC catalog and all GCMT moment tensor solutions (both 
colored by source depth and scaled proportional to magnitude) within a two source-
dimension radius (dashed white lines are one source-dimension radii) from each sequence 
mainshock for: (a) 2006-2007 Kuril Islands Doublet, and (b) 2011 Tohoku earthquake. The 
number of aftershocks, Na(obs), with M ≥ 4.5 within the indicated source depth (H) range 
over the 70- or 60-day window is indicated for each event, along with the ratio 
Na(obs)/Na(pred) from Table 1. The GCMT centroid depth of the mainshock is shown next 
to the event focal mechanism. 
Figure 9. Complex earthquake sequences near sharp corners in subduction zones in map 
view and as time series showing 60-day intervals of all seismicity from the USGS-NEIC 
catalog and all GCMT moment tensor solutions (both colored by source depth and scaled 
proportional to magnitude) within a two source-dimension radius (dashed white lines are one 
source-dimension radii, solid white lines are two source-dimensions) from each sequence 
mainshock for: (a) 2000 New Ireland-New Britain, (b) 2009 Samoa-Tonga, (c) 2013 
Solomon-Santa Cruz Island. The number of aftershocks, Na(obs), with  M ≥ 4.5 within the 
indicated source depth (H) range over the 60-day window is indicated for each event, along 
with the ratio Na(obs)/Na(pred) from Table 1. The GCMT centroid depth of the mainshock is 
shown next to the event focal mechanism. 
Figure 10. Large oceanic strike-slip earthquake sequences in oceanic lithosphere in map view 
and as time series showing 60-day intervals of all seismicity from the USGS-NEIC catalog 
and all GCMT moment tensor solutions (both colored by source depth and scaled 
proportional to magnitude) within a two source-dimension radius (dashed white lines are one 
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source-dimension radii, solid white lines are two source-dimensions) from each sequence 
mainshock for: (a) 2013 Craig, Alaska, and  (b) 2017 Komandorsky Islands (Western 
Aleutians) along the Bering Fracture Zone. The number of aftershocks, Na(obs), with M ≥ 4.5 
within the indicated source depth (H) range over the 60-day window is indicated for each 
event, along with the ratio of Na(obs)/Na(pred) using the reference model discussed in the 
text. The GCMT centroid depth of the mainshock is shown next to the event focal 
mechanism. 
Figure 11. Tectonic scenarios giving rise to complex intraplate sequences in oceanic 
lithosphere. (a) Laterally varying stress along subduction zones arising from convergence of 
oceanic plateaus or continental material adjacent to oceanic convergent zone that have strong 
slab-pull and large earthquake cycles give rise to complex strike-slip sequences seaward of 
the outer rise (Figures 4b, 4c, 4d, 5) or complex obliquely-trending normal fault sequences 
near the trench (Figure 4a) and less complex strike-slip sequences further from the boundary 
(Figure 6). (b) Slab bending stresses driven by slab pull, modulated by earthquake cycle 
stresses activate multiple normal-fault systems in the outer trench slope and outer rise (Figure 
7). (c) Sharp corners in subduction zones associated with slab draping (left), lithospheric 
tearing (middle), and slab edges (right), produce complex sequences with interplate and 
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Figure 1. Major and great earthquake Global Centroid Moment Tensor (GCMT) solutions for 
all intraplate ruptures in oceanic lithosphere seaward of the subduction zone outer trench with 
multi-fault ruptures and/or extensive aftershock sequences from 1975 to 2019 with MW ≥ 7.0 
(red focal mechanisms), all intraplate oceanic ruptures far from trenches from 1975 to 2019 
with MW ≥ 7.0  (orange focal mechanisms), two example great interplate ruptures that activate 
extensive outer trench slope and outer rise sequences (blue focal mechanisms), two example 
strike-slip events on plate boundaries far from ridges (yellow focal mechanisms), and three 
example events near corners in subduction zones with multi-fault sequences that include 




©2020 American Geophysical Union. All rights reserved. 
 
Figure 2. Map showing the 2010 Ogasawara MW 7.4 mainshock finite-slip model from 
Figure S2 (the star indicates the mainshock epicenter) along with aftershocks in the first 60 
days after the event from the USGS-NEIC catalog (circles colored by source depth and with 
radius proportional to magnitude), and GCMT focal mechanisms plotted at the centroid 
locations, colored by centroid depth and scaled by MW. Focal mechanisms colored in gray and 
magenta are for the time periods of 1976 to 2010 before the mainshock and 2011 to 2019 
after the mainshock, respectively. The background bathymetry indicates the position of the 
Bonin trench trending north-south near longitude 143.2°, approximated by the white saw-
toothed curve.  
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Figure 3. Map showing the 2018 Nikol’skloye MW 7.4 mainshock finite-slip model from 
Figure S8 along with aftershocks in the first 60 days after the event from the USGS-NEIC 
catalog (circles with radius proportional to magnitude), and GCMT focal mechanisms plotted 
at the centroid locations, colored by centroid depth and scaled by MW. Focal mechanisms 
colored in gray and magenta are for the time periods of 1976 to 2018 before the mainshock 
and 2018 to 2019 after the mainshock, respectively. The Aleutian Trench has no convergence 
in this region, with the Komandorsky Sliver moving parallel to the Pacific plate motion with 
right-lateral shearing on the Bering Fracture Zone. 
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Figure 4. Complex earthquake sequences in oceanic lithosphere seaward of trenches showing 
60-day intervals of all seismicity from the USGS-NEIC catalog and all GCMT moment 
tensor solutions (both colored by source depth and scaled proportional to magnitude) within a 
two source-dimension radius (dashed black lines are one source-dimension radii, solid black 
lines are two source-dimensions) from each mainshock for: (a) 2010 Ogasawara (Bonin), (b) 
2012 Indo-Australia, (c) 2018 Off-Kodiak Island, and (d) 2018 Nikol’skoye. The number of 
aftershocks, Na(obs), with M ≥ 4.5 within the indicated source depth (H) range over the 60-
day window is indicated for each event, along with the ratio Na(obs)/Na(pred) from Table 1. 
The GCMT centroid depth of the mainshock is shown next to the event focal mechanism.  
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Figure 5. (a) Complex earthquake sequence involving a triplet of major events with MW = 
7.1, 7.9 and 7.8 initiating 17 November, 1987 in ~30 Ma oceanic lithosphere in the Gulf of 
Alaska in map view (left) and as time series (right) showing a 200-day interval of all 
seismicity from the USGS-NEIC catalog and all GCMT moment tensor solutions (both 
colored for each major event and scaled proportional to magnitude). Sub-sequences (colored 
by source depth and scaled proportional to magnitude) within a two source-dimension radius 
(dashed black circles are one source-dimension radii, solid black circles are two source-
dimensions) for the largest mainshocks: (b) 1987, and (c) 1988. The number of aftershocks, 
Na(obs), with M ≥ 4.5  within the indicated source depth (H) range over the 60-day window 
is indicated for each event, along with the ratio of Na(obs)/Na(pred) using the reference 
model discussed in the text. The GCMT centroid depth of the mainshock is shown next to the 
event focal mechanism.  
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Figure 6. Modest complexity earthquake sequences in oceanic lithosphere with mainshock 
MW ≥ 7.8 well removed from subduction zones in map view and as time series showing 60-
day intervals of all seismicity from the USGS-NEIC catalog and all GCMT moment tensor 
solutions (both colored by source depth and scaled proportional to magnitude) within a two 
source-dimension radius (dashed white lines are one source-dimension radii, solid white lines 
are two source-dimensions) from each sequence mainshock for: (a) 1998 Balleny; (b) 2000 
Wharton Basin, and (c) 2016 Wharton Basin (Table 1). The latter two events struck within 
the Indo-Australian plate further away from the subduction zone and outside the intraplate 
deformation zone where the 2012 sequence occurred. The number of aftershocks, Na(obs), 
with M ≥ 4.5 within the indicated source depth (H) range over the 60-day window is indicated 
for each event, along with the ratio of Na(obs)/Na(pred) using the reference model discussed 
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Figure 7. Additional modest complexity earthquake sequences with mainshock MW ≥ 7.3 in 
oceanic lithosphere well removed from subduction zones in map view and as time series 
showing 60-day intervals of all seismicity from the USGS-NEIC catalog and all GCMT 
moment tensor solutions (both colored by source depth and scaled proportional to magnitude) 
within a two source-dimension radius (dashed white lines are one source-dimension radii, 
solid white lines are two source-dimensions) from each sequence mainshock for: (a) 2004 
Macquarie; (b) 1983 Chagos, and (c) 1975 North Atlantic (Table 1). The focal mechanism for 
the 1975 event is from Lynnes & Ruff (1985). The number of aftershocks, Na(obs), with M ≥ 
4.5 within the indicated source depth (H) range over the 60-day window is indicated for each 
event, along with the ratio of Na(obs)/Na(pred) using the reference model discussed in the 
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Figure 8. Complex earthquake sequences in old ocean lithosphere following large plate 
boundary thrust events in map view and as time series showing 70-day or 60-day intervals of 
all seismicity from the USGS-NEIC catalog and all GCMT moment tensor solutions (both 
colored by source depth and scaled proportional to magnitude) within a two source-
dimension radius (dashed white lines are one source-dimension radii) from each sequence 
mainshock for: (a) 2006-2007 Kuril Islands Doublet, and (b) 2011 Tohoku earthquake. The 
number of aftershocks, Na(obs), with M ≥ 4.5 within the indicated source depth (H) range 
over the 70- or 60-day window is indicated for each event, along with the ratio 
Na(obs)/Na(pred) from Table 1. The GCMT centroid depth of the mainshock is shown next 
to the event focal mechanism.  
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Figure 9. Complex earthquake sequences near sharp corners in subduction zones in map 
view and as time series showing 60-day intervals of all seismicity from the USGS-NEIC 
catalog and all GCMT moment tensor solutions (both colored by source depth and scaled 
proportional to magnitude) within a two source-dimension radius (dashed white lines are one 
source-dimension radii, solid white lines are two source-dimensions) from each sequence 
mainshock for: (a) 2000 New Ireland-New Britain, (b) 2009 Samoa-Tonga, (c) 2013 
Solomon-Santa Cruz Island. The number of aftershocks, Na(obs), with  M ≥ 4.5 within the 
indicated source depth (H) range over the 60-day window is indicated for each event, along 
with the ratio Na(obs)/Na(pred) from Table 1. The GCMT centroid depth of the mainshock is 
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Figure 10. Large oceanic strike-slip earthquake sequences in oceanic lithosphere in map view 
and as time series showing 60-day intervals of all seismicity from the USGS-NEIC catalog 
and all GCMT moment tensor solutions (both colored by source depth and scaled 
proportional to magnitude) within a two source-dimension radius (dashed white lines are one 
source-dimension radii, solid white lines are two source-dimensions) from each sequence 
mainshock for: (a) 2013 Craig, Alaska, and  (b) 2017 Komandorsky Islands (Western 
Aleutians) along the Bering Fracture Zone. The number of aftershocks, Na(obs), with M ≥ 4.5 
within the indicated source depth (H) range over the 60-day window is indicated for each 
event, along with the ratio of Na(obs)/Na(pred) using the reference model discussed in the 
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Figure 11. Tectonic scenarios giving rise to complex intraplate sequences in oceanic 
lithosphere. (a) Laterally varying stress along subduction zones arising from convergence of 
oceanic plateaus or continental material adjacent to oceanic convergent zone that have strong 
slab-pull and large earthquake cycles give rise to complex strike-slip sequences seaward of 
the outer rise (Figures 4b, 4c, 4d, 5) or complex obliquely-trending normal fault sequences 
near the trench (Figure 4a) and less complex strike-slip sequences further from the boundary 
(Figure 6). (b) Slab bending stresses driven by slab pull, modulated by earthquake cycle 
stresses activate multiple normal-fault systems in the outer trench slope and outer rise (Figure 
7). (c) Sharp corners in subduction zones associated with slab draping (left), lithospheric 
tearing (middle), and slab edges (right), produce complex sequences with interplate and 
intraplate faulting, which can extend into old oceanic lithosphere (Figure 8). 
